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(57) ABSTRACT

An object of the present invention is to provide a manufac-
turing method of an optical waveguide element whose DC
drift is suppressed, and to provide a manufacturing method of
an optical waveguide element, capable of adjusting DC drift
in the middle of manufacturing processes so as to improve a
fabrication yield. The method of manufacturing an optical
waveguide element comprises a step of forming an optical
waveguide in a substrate having an electro-optic effect, a step
of forming a buffer layer, and a step of forming an electrode,
in which one stage or a plurality of stages of an interface
diffusion layer heat adjustment step (S1, S2) for adjusting a
concentration distribution of a specific substance in the buffer
layer by heating is included after the buffer layer is formed.
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FIG. 1
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FIG. 2
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FIG. 3
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FIG. 4
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FI1G. 5
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FIG. 7
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FIG. 10
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FIG. 11
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FIG. 16

Li (500°C)

1.0E+23

1.0E+22

1.6E+21 /

1.0E+20 <
L~

1.0E419

10E+18

1.0E+17

10k+16

1.0€415 - . i S :
000 010 020 030 040 050 060 070 080 0.0




U.S. Patent Dec. 29, 2015 Sheet 15 of 17 US 9,223,158 B2

FIG. 17
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OPTICAL WAVEGUIDE ELEMENT AND
METHOD OF MANUFACTURING THE SAME

TECHNICAL FIELD

The present invention relates to an optical waveguide ele-
ment and a method of manufacturing the same, and particu-
larly to an optical waveguide element in which an optical
waveguide, a buffer layer, and electrodes are formed on a
substrate having an electro-optic effect, and which improves
a drift phenomenon and to a method of manufacturing the
same.

BACKGROUND ART

An optical waveguide element using a substrate with an
electro-optical effect of lithium niobate (hereinafter, abbre-
viated to LN) or the like has features in which a loss is smaller,
an operation can be performed at a higher speed, and charac-
teristics are more stable in a wide wavelength range than a
semiconductor modulator. Therefore, the optical waveguide
element is widely used, particularly, in a high speed optical
communication system such as a wavelength multiplex opti-
cal transmission system.

In order to use the optical waveguide element in an actual
system, a structure is necessary in which shift (temperature
drift) of an operation point which changes due to a tempera-
ture variation or shift (DC drift) of an operation point due to
long term DC voltage application is compensated for by using
a feedback circuit. For this reason, several countermeasures
for reducing an amount of the shift as much as possible have
been implemented.

For example, as shown in PTL 1, a technique, in which
influence of stress of an electrode or the like on the tempera-
ture drift is reduced through annealing, is disclosed. In addi-
tion, as shown in PTL 2, a technique, in which a buffer layer
is doped with an impurity such as In so as to reduce the DC
drift, is disclosed. However, the operation point shift of the
LN modulator is influenced by an extremely delicate balance
of stress, or a very small amount of impurity included in a
crystal or a buffer layer and a balance thereof. Therefore,
although various countermeasures including the above-de-
scribed techniques have been proposed, it has not been real-
ized yet to completely suppress the temperature drift and the
DC drift of the optical waveguide element.

On the other hand, an optical waveguide element such as an
LN optical modulator is required to be operated at a higher
speed and to be driven at a lower voltage due to an increase in
a desired transmission capacity. In addition, the optical
waveguide element is required not only to perform relative
simple intensity modulation such as an NRZ format but also
to support a format in which a phase or polarization informa-
tion can be transmitted simultaneously such as a DQPSK or a
polarization multiplexing modulator. For this reason, a sub-
strate configuration of the optical waveguide element
becomes complicated such as a ridge structure or a thin plate
structure, and a waveguide configuration also becomes com-
plicated from a single Mach-Zehnder type to a nest type.

In accordance therewith, compensation of the above-de-
scribed operation point shift using a feedback circuit also
becomes complicated. Particularly, an optical waveguide ele-
ment whose DC drift is reduced is desired to be able to control
and compensate with lower voltage for the DC drift which is
the essence of ensuring a long term operation.

Furthermore, on the other hand, in producing and supply-
ing an optical waveguide element whose DC drift is sup-
pressed to a low level, it is necessary to confirm correspond-
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2

ing characteristics would be satisfied with a system
requirement specification by evaluating the DC drift and the
like on a wafer in which elements are completed or by chips
cut out of the wafer and selecting at a final inspection of a
complicated wafer process. Typically, in a case where a wafer
or a chip is defective in this stage, the wafer or the chip is
discarded, and thus a cost loss due to a decrease in production
yield occurs. This is because, if once the wafer process is
completed, a wafer or a chip is just used or discarded by good
or bad judgment for the finished product, and there is no
technique for correcting or adjusting DC drift characteristics
with additional adjustment after a wafer is completed, for
example, in consideration of an evaluation result of a chip.

A mechanism of the DC drift is described by an equivalent
circuit inside an optical waveguide element such as an LN
modulator, for example, as in NPL 1. The important matter in
this way is that a combined resistance of all of partial resis-
tance values and a combined capacitance of all of partial
electric capacitances and ratios of a resistance and a capaci-
tance in each part in the direction of cross-section or surface
of'an optical waveguide, a buffer layer, a semiconductive film
(a Si film or the like), and electrodes which are formed on an
LN substrate have influence on long term shift ofthe DC drift.
Therefore, in order to further reduce the DC drift, it is neces-
sary to manufacture by accurately controlling resistances or
capacitances in the direction of cross-section-and the surface
of'the LN substrate, the buffer layer, the semiconductive film,
and the like, which are determined in each process, in addition
to design of an electrode or a waveguide.

However, the LN material which is ferroelectric has lower
crystallinity than a Si wafer or the like of a semiconductor and
has a problem in which a variation is large depending on a
manufacturer, a manufacturing lot, a manufacturing device,
and the like. Variations of resistances in the direction of the
cross-sectional or the surface are also large. Further, the resis-
tance values thereof fluctuates to an extent in which a digit
considerably changes just only by including a very small
amount of impurity in a buffer layer or a semiconductor film
which is formed in a wafer process. For this reason, it is very
difficult to manufacture with accurately controlling resis-
tances or capacitances in the direction of cross-section and
the surface of the LN substrate, the buffer layer, the Si film,
and the like, which are determined in each process during
manufacturing of the LN modulator. Therefore, the DC drift
of the optical waveguide element has some variation.

In addition, as a factor to make it more difficult to suppress
reduction or variation of the DC drift, it is very difficult or
substantially impossible to measure separately each resis-
tances or capacitances or divide into each resistances or
capacitances in the direction of the cross-section and the
surface of the LN substrate, the buffer layer, the Si film, and
the like, which are determined in each process. Accordingly,
there is no realistic means except that the resistances or the
capacitances are analogized from a combined resistance
value and a combined capacitance of elements on a wafer
during the process or of cut-out chips, a tendency or a degree
of DC drift, and the like.

Therefore, the once finished wafer is only selected whether
to transfer to a product assembly process or to discard by
determining good or bad on the basis of characteristic evalu-
ation of elements on a wafer or a cut-out chip.

FIG. 13 is a cross-sectional view illustrating a part of an
optical waveguide element, in which an optical waveguide 12
is formed by forming a thermal diffusion portion of Ti and the
like in a substrate 11 having an electro-optic effect. A signal
electrode 13 and a ground electrode 14 are disposed near the
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optical waveguide 12 as a modulation electrode for applying
an electric field to the optical waveguide.

In order to reduce a DC drift phenomenon, in PTL 3, it is
proposed to stabilize characteristics by inserting the film for
suppressing diffusion of Li between the substrate and the
buffer layer as it is considered that Li from a substrate
becomes a movable ion in a buffer layer as a factor of occur-
ring the DC drift phenomenon.

In addition, in PTL 4, a contamination source which is
entered from outside of an optical waveguide element is con-
sidered as a factor of the DC drift, and a method of forming a
protective film on a buffer layer has been proposed in order to
prevent a contamination source from entering the buffer layer.

Further, in PTL 5, stabilizing a DC drift characteristic is
carried out by controlling an OH amount in a substrate or a
buffer layer by doing annealing treatment in a dried gas atmo-
sphere of oxygen.

However, in the technique related to PTL 3 or 4, a diffusion
suppression layer or a protective layer is used to prevent
penetration of an impurity which may become a movable ion,
from the substrate or the outside mainly. These films are
required to use the material in which a diffusion coefficient is
small and it is hard to occur ion polarization, in order to show
an effect thereof. For this reason, metal or semiconductor is
mainly used as the material. Ifthese kinds of materials are laid
between the substrate in which an optical waveguide is
formed and the buffer layer thereon, it becomes the cause to
deteriorate characteristics like an optical loss or extinction
ratio in the optical waveguide element due to refractive index
or a light absorption effect of those materials.

In addition, similarly, also in a case where the material is
laid onthe buffer layer, there is a possibility that a propagation
loss of a signal in the signal electrode or the like-or deterio-
ration of applying efficiency of an electric field may cause.
Therefore, this causes characteristics of the optical
waveguide element to deteriorate. Further, a countermeasure
like partially installed or so may be taken to prevent deterio-
ration of the characteristics, but, in this case, pattern forming
and the like using a technique of lithography and the like is
required. Therefore, it makes a problem which productivity is
poor.

In addition, there is a method of implanting an impurity
into a buffer layer in order to reduce a resistance value of the
buffer layer or to control the film quality. However, in this
technique, the balance with a substrate or an electrode is
problematic, it is difficult to stabilize characteristics because
it is required to do its control strictly in case doing character-
istic stabilization as an actual device.
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4
SUMMARY OF INVENTION

Technical Problem

An object of the present invention is to solve the above-
described problems and to provide an optical waveguide ele-
ment whose DC drift is suppressed and a method of manu-
facturing the same. Particularly, there is provided a method of
manufacturing an optical waveguide element, enabling DC
drift to be adjusted in the middle of a manufacturing process,
thereby improving a fabrication yield. In addition, there are
provided an optical waveguide element and a method of
manufacturing the same, capable of stabilizing DC drift, not
making difficulty in production process, and controlling to be
ableto control characteristics of a product with high accuracy.

Solution to Problem

In order to solve the above-described problems, the present

invention has the following technical features.

(1) A method of manufacturing an optical waveguide ele-
ment comprises a step of forming an optical waveguide
in a substrate having an electro-optic effect, a step of
forming a buffer layer, and a step of forming an elec-
trode, in which one stage or a plurality of stages of
interface diffusion layer heat adjustment step for adjust-
ing a concentration distribution of a specific substance in
the buffer layer by heating is included after the buffer
layer is formed.

(2) In the method of manufacturing an optical waveguide
element according to the above (1), the interface diffu-
sion layer heat adjustment step is performed when an
optical waveguide element is present on a wafer sub-
strate or after an optical waveguide element is cut out of
a wafer substrate.

(3) In the method of manufacturing an optical waveguide
element according to the above (1), the interface diffu-
sion layer heat adjustment step includes a first interface
diffusion layer heat adjustment step which is performed
in a step of forming an optical waveguide element on a
wafer substrate and a second interface diffusion layer
heat adjustment step which is performed when the opti-
cal waveguide element is present on the wafer substrate
or after the optical waveguide element is cut out of the
wafer substrate.

(4) In the method of manufacturing an optical waveguide
element according to any one of the above (1) to (3), a
predetermined characteristic value of an optical
waveguide element is measured, and then the interface
diffusion layer heat adjustment step is adjusted on the
basis of the measured value.

(5) In the method of manufacturing an optical waveguide
element according to the above (3), a heating tempera-
ture in the first interface diffusion layer heat adjustment
step is higher than a heating temperature in the second
interface diftfusion layer heat adjustment step.

(6) In the method of manufacturing an optical waveguide
element according to any one of the above (1) to (5), the
substrate is made of lithium niobate, and the specific
substance is Li.

(7) In the method of manufacturing an optical waveguide
element according to the above (6), a concentration dis-
tribution of Li in the buffer layer in a direction normal to
asubstrate surface is such that a concentration of 1x10'°
(atoms/cm?®) to 3x10** (atoms/cm?) is distributed in a
range of 1 pm or less.
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(8) An optical waveguide element comprises a substrate
having an electro-optic effect, an optical waveguide
formed in the substrate, a buffer layer formed on the
optical waveguide and made mainly from SiO,, and a
modulation electrode formed on the buffer layer and
modulating light waves which propagate through the
optical waveguide, in which the buffer layer has a region
which contain Li of 1x10*! (atoms/cm?) or more at the
substrate side of the buffer layer.

(9) In the optical waveguide element according to the
above (8), a thickness of the region which contains i of
1x10*! (atoms/cm®) or more in the buffer layer is a
quarter or more of a thickness of the buffer layer.

(10) In the optical waveguide element according to the
above (8) or (9), the buffer layer is doped with at least
one of In and Ti.

(11) A method of manufacturing an optical waveguide
element comprises a substrate having an electro-optic
effect, an optical waveguide formed in the substrate, a
buffer layer formed on the optical waveguide and made
mainly from SiO,, and a modulation electrode formed
on the buffer layer and modulating light waves which
propagate through the optical waveguide, in which after
at least the buffer layer is formed, the buffer layer is
subjected to thermal treatment at 400° C. to 1000° C.
mainly in an oxygen atmosphere so as to have a region
which contains Li of 1x10?! (atoms/cm?) or more at the
substrate side of the buffer layer.

(12) In the method of manufacturing the optical waveguide
element according to the above (11), the buffer layer is
subjected to the thermal treatment in the atmosphere in
which a material including Li is placed.

(13) A method of manufacturing an optical waveguide
element comprises a substrate having an electro-optic
effect, an optical waveguide formed in the substrate, a
buffer layer formed on the optical waveguide and made
mainly from SiO,, and a modulation electrode formed
on the buffer layer and modulating light waves which
propagate through the optical waveguide, in which when
the buffer layer is formed in a vacuum film formation
method, a film formation material is mixed with a mate-
rial including L so that a content of Li in the buffer layer
is 1x10?! (atoms/cm®) or more.

Advantageous Effects of Invention

According to the invention related to the above (1), a
method of manufacturing an optical waveguide element com-
prises a step of forming an optical waveguide in a substrate
having an electro-optic effect, a step of forming a buffer layer,
and a step of forming an electrode, in which one stage or a
plurality of stages of interface diffusion layer heat adjustment
step for adjusting a concentration distribution of a specific
substance in the buffer layer by heating is included after the
buffer layer is formed. Therefore, DC drift of the optical
waveguide element can be adjusted by the interface diffusion
layer heat adjustment step, thereby also improving a produc-
tion yield.

According to the invention related to the above (2), the
interface diffusion layer heat adjustment step is performed
when an optical waveguide element is present on a wafer
substrate or after an optical waveguide element is cut out of a
wafer substrate. Therefore, DC drift of the optical waveguide
element can be adjusted even in circumstances close to a final
stage of a product, thereby further improving a production
yield.
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6

According to the invention related to the above (3), the
interface diffusion layer heat adjustment step includes a first
interface diffusion layer heat adjustment step which is per-
formed in a step of forming an optical waveguide element on
a wafer substrate and a second interface diffusion layer heat
adjustment step which is performed when the optical
waveguide element is present on the wafer substrate or after
the optical waveguide element is cut out of the wafer sub-
strate. Therefore, DC drift of the optical waveguide element
can be adjusted in multiple stages, and thus it is possible to
more efficiently suppress the occurrence of DC drift.

According to the invention related to the above (4), a pre-
determined characteristic value of an optical waveguide ele-
ment is measured, and then the interface diffusion layer heat
adjustment step is adjusted on the basis of the measured value.
Therefore, it is possible to perform adjustment based on char-
acteristics of the optical waveguide element.

According to the invention related to the above (5), a heat-
ing temperature in the first interface diffusion layer heat
adjustment step is higher than a heating temperature in the
second interface diffusion layer heat adjustment step. There-
fore, it is possible to adjust DC drift most effectively in each
step.

According to the invention related to the above (6), the
substrate is made of lithium niobate, and the specific sub-
stance is Li. Therefore, DC drift occurring when the lithium
niobate substrate is used can be effectively suppressed by
diffusion of Li occurring when the substrate is heated.

According to the invention related to the above (7), a con-
centration distribution of Li in the buffer layer in a direction
normal to a substrate surface is such that a concentration of
1x10*® (atoms/cm?) to 3x10** (atoms/cm’) is distributed in a
range of 1 pm or less. Therefore, DC drift can be effectively
suppressed by the interface diffusion layer heat adjustment
step in the middle of manufacturing steps.

According to the invention related to the above (8), an
optical waveguide element comprises a substrate having an
electro-optic effect, an optical waveguide formed in the sub-
strate, a buffer layer formed on the optical waveguide and
made mainly from SiO,, and a modulation electrode formed
on the buffer layer and modulating light waves which propa-
gate through the optical waveguide, in which the buffer layer
has a region which contains Li of 1x10*! (atoms/cm®) or more
at the substrate side of the buffer layer. Therefore, bonding of
Li—O is strengthened, and thus movement of Li due to an
electric field is suppressed and DC drift is reduced. Accord-
ingly, it is possible to stabilize DC drift. In addition, since Li
is contained through thermal treatment, a content of Li can be
easily controlled by adjusting a temperature. Therefore,
manufacturing steps are not complicated, and characteristics
of'a product can also be controlled with high accuracy.

According to the invention related to the above (9), a thick-
ness of the region which contains Li of 1x10** (atoms/cm®) or
more in the buffer layer is a quarter or more of a thickness of
the buffer layer. Therefore, it is possible to more reliably
realize stabilization of DC drift.

According to the invention related to the above (10), the
buffer layer is doped with at least one of In and Ti. Therefore,
a resistance value of the buffer layer can be reduced, and thus
it is possible to further stabilize DC drift.

According to the invention related to the above (11), a
method of manufacturing an optical waveguide element com-
prises a substrate having an electro-optic effect, an optical
waveguide formed in the substrate, a buffer layer formed on
the optical waveguide and made mainly from SiO,, and a
modulation electrode formed on the buffer layer and modu-
lating light waves which propagate through the optical
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waveguide, in which after at least the buffer layer is formed,
the buffer layer is subjected to thermal treatment at 400° C. to
1000° C. mainly in an oxygen atmosphere so as to have a
region which contains Li of 1x10*! (atoms/cm®) or more at
the substrate side of the buffer layer. Therefore, only by
controlling a temperature of thermal treatment, a content of L
in the buffer layer can be controlled with high accuracy with-
out complicating manufacturing steps, and thus it is possible
to provide an optical waveguide element whose DC drift has
stable characteristics.

According to the invention related to the above (12), the
buffer layer is subjected to the thermal treatment in the atmo-
sphere in which a material including Li is placed. Therefore,
Licanalso be prompted to penetrate into the buffer layer from
the surface of the buffer layer, and thus it is possible to
efficiently manufacture an optical waveguide element whose
DC drift has stable characteristics.

According to the invention related to the above (13), a
method of manufacturing an optical waveguide element com-
prises a substrate having an electro-optic effect, an optical
waveguide formed in the substrate, a buffer layer formed on
the optical waveguide and made mainly from SiO,, and a
modulation electrode formed on the buffer layer and modu-
lating light waves which propagate through the optical
waveguide, in which when the buffer layer is formed in a
vacuum film formation method, a film formation material is
mixed with a material including Li so that a content of Li in
the buffer layer is 1x10** (atoms/cm?) or more. Therefore, Li
can be contained in advance when the buffer layer is formed,
and thus manufacturing steps can be simplified and it is pos-
sible to efficiently manufacture an optical waveguide element
whose DC drift has stable characteristics.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates an analysis example of a substrate inter-
face vicinity using SIMS in a case where an interface diffu-
sion layer heat adjustment step is performed at 400° C.

FIG. 2 is a graph illustrating a concentration distribution of
Li in the vicinity of the surface interface of the substrate in a
case where a temperature (200° C. to 700° C.) is changed in
the interface diffusion layer heat adjustment step.

FIG. 3 is a graph illustrating a state of DC drift in a case
where the interface diffusion layer heat adjustment step is not
performed.

FIG. 4 is a graph illustrating a state of DC drift in a case
where the interface diffusion layer heat adjustment step is
performed at 300° C.

FIG. 5 is a graph illustrating a state of DC drift in a case
where the interface diffusion layer heat adjustment step is
performed at 600° C.

FIG. 6 is a plane view illustrating a Mach-Zehnder type
optical modulator to which the present invention can be
applied.

FIG. 7 is a cross-sectional view taken along the line A-A' in
FIG. 6.

FIG. 8 is a diagram illustrating an example of a manufac-
turing method (process flow) of the related art.

FIG. 9 is a diagram illustrating an example (first) of a
manufacturing method (process flow) of the present inven-
tion.

FIG. 10 is a diagram illustrating an example (second) of a
manufacturing method (process flow) of the present inven-
tion.

FIG. 11 is a diagram illustrating an example (third) of a
manufacturing method (process flow) of the present inven-
tion.
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FIG. 12 is a graph illustrating a relationship between a
temperature and DC drift when the interface diffusion layer
heat adjustment step is performed on a buffer layer which is
formed using different formation methods (process A: a sput-
tering method, and process B: vacuum deposition method).

FIG. 13 is a cross-sectional view illustrating an example of
an optical waveguide element of the related art.

FIG. 14 is a cross-sectional view illustrating an optical
waveguide element of the present invention.

FIG. 15 is a graph illustrating distribution circumstances of
Li when a thermal treatment temperature is 200° C.

FIG. 16 is a graph illustrating distribution circumstances of
Li when a thermal treatment temperature is 500° C.

FIG. 17 is a graph illustrating distribution circumstances of
Li when a thermal treatment temperature is 600° C.

FIG. 18 is a graph illustrating distribution circumstances of
Li when a thermal treatment temperature is 700° C.

FIG. 19 is a graph illustrating variations in DC drift of
optical waveguide elements in a case where thermal treatment
is not performed and a case where thermal treatment is per-
formed at 300° C. or 600° C.

DESCRIPTION OF EMBODIMENTS

Hereinafter, a manufacturing method of an optical
waveguide element of the present invention will be described
in details. The present inventors have studied a method
capable of suppressing and adjusting DC drift by adjusting a
resistance or a capacitance in a cross-sectional or surface
direction inside a substrate without greatly influencing struc-
tures or characteristics which are obtained in processes after
the processes are completed, in relation to resistances or
capacitances in cross-sectional or surface directions of an LN
substrate, a buffer layer, a Si film, and the like, which are
determined in respective processes of manufacturing steps of
an optical waveguide element. As a result, attention is paid to
respective interfaces between the substrate, the buffer layer,
the Si semiconductor film, electrodes, and the like, and, par-
ticularly, attention is paid to relevancy between an amount or
arange of Liatoms present in the interface of the LN substrate
and the buffer layer, and DC drift.

FIG. 1 illustrates an example in which the vicinity of an
interface between an LN substrate and a buffer layer is ana-
lyzed using secondary ion-microprobe mass spectrometry
(SIMS). The LN substrate used in this analysis has undergone
heat adjustment at 400° C. for five hours as an interface
diffusion layer heat adjustment step in addition to typical
wafer processes. The longitudinal direction of the graph
expresses an amount of element, and the transverse axis
expresses a depth of the layers, in which 0 indicates a buffer
layer surface direction, and the right side from 0 indicates an
LN substrate side. Here, a part where an amount of Li rapidly
increases is a boundary between the LN substrate and the
buffer layer. Li atoms are distributed in a range of about 1 pm
from the boundary, and this region may be regarded as an
interface diffusion layer of the Li atoms.

The interface diffusion layer is expected to have a resis-
tance and a capacitance which are different from the buffer
layer (SiO,) or the LN substrate depending on a presence
amount or a presence region of Li. It is very difficult to
directly measure a resistance value and a capacitance value of
this part, and thus it is a realistic method to analogize the
values from a combined resistance or a combined capacitance
of'a modulator or to expect the values from a behavior of DC
drift.

Here, if an amount or a region of Li in this interface diffu-
sion layer can be adjusted in relation to resistances or capaci-
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tances in cross-sectional directions and surface directions of
the LN substrate, the buffer layer, the Si film, and the like,
which are determined in respective processes, without greatly
influencing structures or characteristics obtained in the pro-
cesses, this is considered to correspond to the fact that a
resistance value and a capacitance value of the interface dif-
fusion layer can be adjusted. In other words, a behavior of DC
drift can be adjusted.

As means for adjusting an amount or a region of Li in the
interface diffusion layer, an interface diffusion layer heat
adjustment step is introduced into the wafer process of the
related art so as to adjust an amount or a presence region of Li.
Therefore, it is possible to further change and adjust DC drift
characteristics which are determined in respective wafer pro-
cesses for forming the LN substrate including crystal quality,
the buffer layer, and the Si film, electrodes, and the like.

FIG. 2 illustrates a result of examining a Li amount of a
boundary region between LN and the buffer layer by using the
SIMS in the same manner as in the above-described analysis,
by performing the interface diffusion layer heat adjustment
step on each wafer having undergone a buffer layer step at
various temperatures (for five hours in all cases) in accor-
dance with the above technical feature. It can be seen that as
atemperature in the interface diffusion layer heat adjustment
step is changed from 200° C. to 700° C., an amount of Li in the
interface between LN and the buffer layer is changed from
about 1x10'¢ (atoms/cm?) to 3x10%" (atoms/cm?). In addi-
tion, it can be seen that a presence region of Li is adjusted to
1 um or less. And in this concentration distribution, it is
possible to eftectively suppress DC drift. Further, a resistance
value and a capacitance value of the interface diffusion layer
region cannot be directly separated and measured, but values
thereof are expected to be different since different distribution
amounts and distribution regions of Li are produced.

FIGS. 3 to 5 illustrate results of measuring DC drift of
respective optical waveguide elements of samples which are
produced from these wafers and undergo until a final step.
The samples include a sample A (FIG. 3) on which the inter-
face diffusion layer heat adjustment step is not performed
(corresponding to a temperature of 0° C.), asample B (FIG. 4)
on which the interface diffusion layer heat adjustment step is
performed at 300° C., and a sample C (FIG. 5) on which the
interface diffusion layer heat adjustment step is performed at
600° C. It can be seen from the test data that an amount and a
region of Li of the diffusion layer are changed by adjusting a
temperature in the interface diffusion layer heat adjustment
step, and thus a DC drift characteristic is changed in accor-
dance with the changes. The graphs of FIGS. 3 to 5 will be
described later in detail.

Therefore, after electrode design and conditions for each
wafer process are determined, if an interface diffusion layer
heat adjustment step which is the most suitable for the elec-
trode design and the conditions for the wafer process is
employed, it is possible to provide an optical waveguide
element whose DC drift is further suppressed.

One of the most notable features is that an amount and a
region of Li can be adjusted even at a temperature of about
200° C. in the interface diffusion layer heat adjustment step as
can be seen from FIG. 2. This is an epochal feature which
provides means for further improving/adjusting a final yield
of reaching final products as a result of complicated wafer
processes, after the wafer processes are completed.

In other words, this means that, in a case where the wafer
processes are completely finished, a chip is cut out of a wafer,
DC drift characteristics of the chip are measured, and the
measured characteristics do not reach expected DC drift char-
acteristics taking variations in the processes into account, an
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interface diffusion layer heat adjustment step is further addi-
tionally performed at a temperature lower than an adjustment
temperature used during the wafer processes, and so it is
possible to adjust finely DC drift characteristics.

In other words, coarse adjustment of DC drift characteris-
tics which are roughly defined by process design, wafer
manufacturing parameters, and materials to be used, and the
like, is performed as a first interface diffusion layer heat
adjustment step in the wafer processes. The deviation from an
expected value of the DC drift characteristics caused by varia-
tions in manufacturing processes or variations in materials is
adjusted as a second interface diffusion layer heat adjustment
step on the wafer substrate or on a chip separated from the
wafer. Therefore, it is possible to improve a fabrication yield,
thereby suppressing manufacturing costs.

Inaddition, since a heating temperature in the first interface
diffusion layer heat adjustment step is higher than a heating
temperature in the second interface diffusion layer heat
adjustment step, it is also possible that DC drift is consider-
ably suppressed in the first interface diffusion layer heat
adjustment step and finely adjusted in the second interface
diffusion layer heat adjustment step in order to obtain prede-
termined characteristics. Further, since Li is also diffused into
a cross-section of a chip in a heat adjustment step after pro-
ducing the chip, excessive heating causes Li to be deficient
inside a substrate. As above, it is preferable to adjust DC drift
most effectively in each step.

Although a treatment temperature is different depending
on a substrate state or a variety of conditions such as a method
of forming a buffer layer, for example, in a case where a buffer
layer is formed using a sputtering method, a suitable tempera-
ture range is 300° C. to 600° C. in the first interface diffusion
layer heat adjustment step, and is 100° C. to 300° C., more
preferably, 200° C. to 300° C. in the second interface diffu-
sion layer heat adjustment step.

An amount of the DC drift is determined not only by a
resistance value and a capacitance value of the interface dif-
fusion layer but also by a ratio of the resistance value or the
capacitance value relative to a resistance or a capacitance of
the LN substrate and a resistance or a capacitance of the Si
film. For this reason, if the LN substrate or the process for Si
film-and the like are different even in exactly the same inter-
face diffusion layer, different DC drift characteristics are
produced. In addition, needless to say, conditions of an inter-
face diffusion layer heat adjustment step which is the opti-
mum to different wafer processes are also different.

Further, it is expected that the above described amount or
the presence region of Li is different depending on a film
formation condition such as a density of a buffer layer, a film
formation equipment, or the like, and is also difterent depend-
ing on a manufacturing condition of an LN substrate. How-
ever, needless to say, an amount and a range of Li of the
interface diffusion layer can be additionally changed and
adjusted by the interface diffusion layer heat adjustment step,
different from the wafer processes of the related art.

It is clear from the content of the present invention that a
region which is expressed as interface diffusion layer
described in the above indicates not only a contact part
between LN and the buffer layer, but also a region in the buffer
layer in which a presence amount of Li is adjusted, and a
region including a region in the LN substrate.

In addition, as disclosed in PTL 1, annealing is performed
in a wafer process, or a process of chip treatment. However,
the annealing in the related art is aimed at alleviating internal
stress of a substrate or a film or reducing internal stress of a
metal signal electrode. Therefore, the annealing in the related
art is completely different from the technical feature of the
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present invention of forming an interface diffusion layer
through diffusion of Li, and reducing and adjusting DC drift
characteristics by adjusting those amount and region thereof
in a heat adjustment step.

According to the present invention, a method of manufac-
turing an optical waveguide element includes a step of form-
ing an optical waveguide in a substrate with an electro-optic
effect, a step of forming a buffer layer, and a step of forming
an electrode, in which an interface diffusion layer heat adjust-
ment step for adjusting a concentration distribution of a spe-
cific substance in the buffer layer by heating is included after
the buffer layer is formed.

With this configuration, for example, in the optical
waveguide element which mainly uses an LN substrate hav-
ing an electro-optical effect as a ferroelectric substance, rela-
tively many Li atoms are present over a relatively wide range
as a specific material in the interface between the LN sub-
strate and the buffer layer, and a concentration distribution (a
presence amount and a presence region) of the Li atoms can
be adjusted in the interface diffusion layer heat adjustment
step. In addition, in combination with the principle that DC
drift characteristics of an optical waveguide element are
changed depending on magnitudes and ratios of resistances
and capacitances in cross-sectional or surface directions of a
substrate, a buffer layer, a Si film, and the like, it is possible to
provide an industrially useful optical waveguide element
whose DC drift is further suppressed, thereby improving a
production yield. Thus, it is possible to provide an optical
waveguide element of which a cost is to be low.

Example

Hereinafter, an embodiment of the present invention will
be described. FIG. 6 is a plan view illustrating an example of
a Mach-Zehnder type modulator to which the present inven-
tion is applicable, and FIG. 7 is a cross-sectional view taken
along the line A-A' in FIG. 6. In this Example, an optical
waveguide 1 is formed in a Z cut lithium niobate (LN) sub-
strate 7 by thermally diffusing Ti, and a signal electrode 5 and
a ground electrode 4 for applying an electric field to the
optical waveguide are provided thereon. Here, although not
illustrated, light which is incident to the optical waveguide
from a light source such as a laser is temporarily divided into
two, and is modulated by a voltage applied to the signal
electrode.

A buffer layer (Si0, layer) 2 is formed on the waveguide 1
which is formed through thermal diffusion of Ti, in order to
reduce light absorption by the electrodes and to expand a
modulation bandwidth. As a method of forming the buffer
layer, sputtering, vacuum deposition, or CDV is frequently
used. However, since electrical characteristics such as a film
resistance and the like or mechanical characteristics such as
internal stress and the like are considerably different depend-
ing on a feature of each film formation equipment or process
conditions, an appropriate film formation equipment and a
process conditions are selected in consideration of a wafer
size, consistency with wafer processes before and after a film
formation step, waveguide design, and the like. In this
Example, the expression “process A” indicates that SiO, is
formed with a thickness of 1.6 um by a sputtering method.

A conductive layer, for example, a Si film 3 is formed on
the wafer provided with the buffer layer 2, in order to prevent
an operation point from being changed due to a pyroelectric
effect of the wafer. After the Si film is formed, electrodes (4,
5) for controlling guided light are formed.

Each chip is cut out of the wafer in which the electrodes are
formed, so as to be mounted in a metal case (not illustrated),
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and is assembled in a state of being capable of being used as
an optical waveguide element. An inspection is performed in
a wafer state with regard to whether or not the wafer in which
optical waveguide elements are manufactured is in a favor-
able state, has a problem, and the like. In addition, also in a
chip state in which the wafer is cut into individual optical
waveguide elements, a measurement is performed so as to
preliminarily verify whether or not the chip can be mounted.
Particularly, measurement items such as losses (a propagation
loss of light or a coupling loss thereof) related to interaction
with light, a driving voltage, an extinction ratio, and DC drift
are briefly inspected in a chip state, so as to improve a pro-
duction yield in accordance with modulization and to detect
abnormalities of wafer processes. In many cases, these
inspections are possible to be performed by sampling, not by
all. This is because most of the above items have the same
tendency in the same wafer. This series of processes is repre-
sented by a manufacturing method (process flow) of an opti-
cal waveguide element illustrated in FIG. 8.

FIGS.9to 11 are process flows illustrating a manufacturing
method of the optical waveguide element of the present
invention, in which an interface diffusion layer heat adjust-
ment step is added to the process flow (FIG. 8) of the related
art. In Example of FIG. 9, in addition to the wafer process
flow of the related art, thermal treatment is performed at 600°
C. for five hours newly as an interface diffusion layer heat
adjustment step (Si) after a buffer layer formation step is
completed.

As can be seen from the concentration distribution due to
diffusion of Li in FIG. 2, Li of about 1x10*! (atoms/cm?) is
adjusted so as to be present over a region of about 0.7 um in
the buffer layer and the interface of LN by the thermal treat-
ment at 600° C. Therefore, it can be seen that an amount and
a distribution of Li are greatly different from a case where the
interface diffusion layer heat adjustment step is not per-
formed in the related art.

In addition, FIG. 10 illustrates another example of a manu-
facturing method of the optical waveguide element of the
present invention, in which thermal treatment is performed at
200° C. for an hour as an interface diffusion layer heat adjust-
ment step (S2) after a chip is cut out and characteristics of the
chip are measured.

Further, FIG. 11 illustrates still another example of a manu-
facturing method of the optical waveguide element of the
present invention, in which the interface diffusion layer heat
adjustment step (S1) is performed after the buffer layer for-
mation step is completed, and the interface diffusion layer
heat adjustment step (S2) is performed after a chip is cut out
and characteristics of the chip are measured.

FIGS. 3 to 5 illustrate results in which chips are respec-
tively cut out of a wafer manufactured using the manufactur-
ing method of the present invention and a wafer manufactured
using the manufacturing method of the related art, so as to
manufacture modules, and DC drift characteristics are mea-
sured. The longitudinal axis of each graph expresses a nor-
malized DC drift amount, and the transverse axis thereof
expresses elapsed time. Each graph illustrates two measure-
ment results of a case where the interface diffusion layer heat
adjustment step indicated by Si is performed and a case where
interface diffusion layer heat adjustment steps indicated by
S1 and S2 are performed.

As is clear from the results (FIGS. 3 to 5) of the normalized
DC drift, it can be seen that the normalized DC drift (FIGS. 4
and 5) of the module to which the present invention is applied
is considerably improved, and is further improved in a case
where the interface diffusion layer heat adjustment step (S2)
is further added after a chip is produced.
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Here, FIG. 4 illustrates a result in which, after a buffer layer
expressed by “process A” is formed, a wafer is manufactured
by performing heat adjustment at 300° C. for five hours as the
interface diffusion layer heat adjustment step (S1), and a
normalized DC drift test is performed. In addition, similarly,
FIG. 5 illustrates a result in which heat adjustment is per-
formed on the buffer layer of the “process A at 600° C. for
five hours. It can be seen from FIGS. 4 and 5 that the normal-
ized DC drift of the module to which the present invention is
applied is more improved than that of the module (FIG. 3) to
which the processes of the related art are applied. Further, in
the above Example, the DC drift characteristics are measured
after the chip is out of the wafer. However, it is needless to say
that it is possible to perform the interface diffusion layer heat
adjustment step in a wafer state after DC drift characteristics
are measured, optically coupled by butt joint after a part of the
wafer may be cut or by a prism of a high refractive index
crystal such as a rutile in order to perform measurement in a
wafer state.

FIG. 12 is a graph illustrating a relationship between a heat
adjustment temperature of the interface diffusion layer and
the normalized DC drift. From this graph, in a case where the
buffer layer of the process A is formed, an optimal tempera-
ture is expected to be about 650° C. to 700° C. as an interface
diffusion layer heat adjustment temperature, but a tempera-
ture lower than the temperature, for example 600° C. and the
like, is preferably selected in the interface diffusion layer heat
adjustment step (S1). This is aimed to make it possible to
improve DC drift characteristics by using the interface diffu-
sion layer heat adjustment step (S2) as an additional or fine
adjustment even in a case where heat adjustment tempera-
tures at which the normalized DC drift is the minimum are
different due to variations in the processes or variations in
wafer materials or the like.

In the above Example, although a case where SiO, is
formed in a sputtering method as the “process A” has been
exemplified, in a case where process design, a material, a film
formation method, or the like is different, an adjustment
temperature is different even if the same interface diffusion
layer heat adjustment step is performed. For example, a case
where Si0, is formed with a thickness of 1.2 um by a vacuum
deposition method is illustrated as a “process B” in FIG. 8.
Here, an optimal value of an interface diffusion layer heat
adjustment temperature at which the normalized DC drift is
minimized, is about 280° C., and, in this case, a temperature
of about 200° C. is selected in the interface diffusion layer
heat adjustment step S1 or S2.

As mentioned above, after electrode design and a condition
of each wafer process are determined, an interface diffusion
layer heat adjustment step which is the most suitable for the
design and the wafer process condition is employed, and thus
it is possible to provide an LN modulator whose DC drift is
further suppressed.

Further, although there is a case where annealing is per-
formed in order to alleviate internal stress of a film at the
buffer layer formation step of the related art in addition to the
manufacturing method of the present invention, the interface
diffusion layer heat adjustment step of the present invention
may be performed so as to include an operation of the anneal-
ing as an application example of the present invention since a
temperature in the interface diffusion layer heat adjustment
step of the present invention is higher than an annealing
temperature.

In addition, although, in the above Example, a description
has been made of an example in which the second interface
diffusion layer heat adjustment step (S2) is performed after
the chip measurement is performed, it is needless to say that
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the second interface diffusion layer heat adjustment step may
be performed before the chip measurement is performed, and
then the chip measurement may be performed, from the view-
point of stability of a wafer process, an efficient operation of
production steps, or the like.

Next, an optical waveguide element of the present inven-
tion will now be described in detail. As illustrated in FIG. 14,
the optical waveguide element of the present invention
includes a substrate 11 having an electro-optic effect, an
optical waveguide 12 formed in the substrate, a buffer layer
15 which is formed on the optical waveguide and mainly
made from SiO,, and modulation electrodes (13, 14) which
are formed on the buffer layer and modulate light waves
which propagate through the optical waveguide. In addition,
aregion 16 in which a content of Li is 1x10*! (atoms/cm®) or
more is formed in the buffer layer on the substrate side of the
buffer layer.

A region in which a content of Liis 1x10*! (atoms/cm®) or
more is formed in the buffer layer so that Li—O bonding is
strengthened. It is possible to reduce DC drift by which move-
ment of Li caused by electric field of modulation signal or DC
bias or the like is suppressed by forming the region. Thus it is
possible to stabilize characteristics of DC drift. In addition,
since a content of Li can be easily controlled by controlling a
temperature of thermal treatment, manufacturing steps are
not complicated, and characteristics of a product can also be
controlled with high accuracy.

As a substrate used in the present invention, a substrate
made of a material having an electro-optic effect may be used,
and a substrate made of, for example, lithium niobate, lithium
tantalate, lead lanthanum zirconate titanate (PLZT), quartz
crystal-based materials, and a combination of the materials,
may be used. Particularly, in a case where Li is made to be
contained in the buffer layer through thermal treatment, a
substrate which includes rich Li such as a lithium niobate
(LN) crystal is suitably used.

As a method of forming the optical waveguide in the sub-
strate, the optical waveguide may be formed by diffusing Tior
the like into a substrate surface by using a thermal diffusion
method or a proton exchange method. In addition, a ridge-
shaped waveguide which has a convex shape in a portion of
corresponding to the optical waveguide in the substrate, for
example etching the substrate except the optical waveguide or
forming grooves on both sides of the optical waveguide, is
also possible to be used. In a case of the ridge shape, electric
field efficiency around the waveguide is high, and thus Li is
easily moved. Therefore, it is possible to suitably apply the
present invention.

In the optical waveguide element, modulation electrodes
such as the signal electrode 13 and the ground electrode 14
and the like are formed on the substrate 11. These electrodes
may be formed by the method of forming an electrode pattern
of Ti or Au or plating gold.

The buffer layer 15 is formed between the optical
waveguide 12 and the modulation electrodes (13, 14). As the
buffer layer, a SiO, film of about 0.5 um to 1.0 um is formed
by a sputtering method mainly using a parallel plate type
magnetron sputter with a SiO, as a target after optical
waveguide is formed. Particularly, as the SiO, target, a target,
which is doped with a very small amount of metal such as In
or Ti for the purpose of reducing a resistance value of a film,
may be used in order to stabilize characteristics of DC drift.

In the optical waveguide element of the present invention,
the region in which a content of Li is 1x10* (atoms/cm®) or
more is formed in the buffer layer, and thus movement of Li
due to an electric field is suppressed. In addition, a thickness
of the region which contains Li of 1x10*! (atoms/cm®) or
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more in the buffer layer is a quarter or more of a thickness of
the buffer layer, and thus it is possible to realize DC drift
stability more reliably.

As amethod of letting Li be contained into the bufter layer,
a lithium niobate substrate or the like which is a substrate
having an electro-optic effect can supply rich Li so that it is
easily to let Li be contained into the buffer layer by thermal
treatment performed on the entire substrate after a buffer
layer which mainly includes SiO, is formed. SiO, or the like
which is a material of a buffer layer, used in an optical device,
has a great diffusion coefficient, and can easily diffuse Li.

In addition, in the aspect of controlling a content of Li, it
can be easily controlled by a thermal treatment temperature,
and Li can be sufficiently diffused at a temperature in a range
01'400° C. to 1000° C. Particularly, if Li is thermally diffused
at 600° C. or higher, it is possible to easily form a region
which contains Li of 1x10* (atoms/cm®) or more. A thermal
treatment temperature is not necessarily controlled in the unit
of'several degrees, and i diffusion can be controlled even in
rougher temperature control.

Li is amovable ion in SiO,, and resistivity or a capacitance
value ofthe buffer layer is controlled depending on an amount
of Li. Li enters into the buffer layer when no thermal treat-
ment is performed, or at a low temperature of about 200° C.,
but mobility of Li in the buffer layer is different depending on
a density of the buffer layer or a bonding state of Li and
oxygen. In the present invention, thermal treatment is per-
formed in an oxygen atmosphere of 400° C. to 1000° C.,
preferably, 600° C. or higher, and thus bonding of Li—O is
strengthened, and the buffer layer becomes dense. As the
result, it is possible to reduce mobility of Li, and thus it is
possible to suppress movement of Li due to an electric field,
which is a worse factor for DC drift.

FIGS. 15 to 18 are graphs respectively illustrating that
thermal treatment is performed on a buffer layer of SiO,
which is formed with a thickness of about 0.6 pmto 0.8 um on
an LN substrate, at 200° C., 500° C., 600° C., and 700° C., and
respective distributions of contents of Li in the buffer layer are
measured.

FIG. 15 illustrates a case where the thermal treatment is
performed at 200° C., and a content of Li in the buffer layer is
1x10'? (atoms/cm®) or less. FIG. 16 illustrates a case where
the thermal treatment is performed at 500° C., and a region in
which a content of Li in the buffer layer is 1x10*' (atoms/
cm?) or more has a thickness of about 0.4 um. FIG. 17 illus-
trates a case where the thermal treatment is performed at 600°
C., and a region in which a content of Li in the buffer layer is
1x10*! (atoms/cm>) or more has a thickness of about 0.6 pm.
FIG. 18 illustrates a case where the thermal treatment is
performed at 700° C., and a region in which a content of Li in
the buffer layeris 1x10*! (atoms/cm®) or more has a thickness
of'about 0.8 um and is thus spread in almost the entire buffer
layer.

FIG. 19 is a graph illustrating states of DC drift at a tem-
perature environment of 150° C. in relation to an optical
waveguide element on which thermal treatment has not been
performed and optical waveguide elements on which thermal
treatment has been performed at 300° C. or 600° C. Compar-
ing with the optical waveguide element on which thermal
treatment has not been performed and the optical waveguide
element on which thermal treatment has been performed at
300° C., the optical waveguide element on which thermal
treatment has been performed at 600° C. shows reduced DC
driftunder the same test environment, and thus it can be easily
understood that characteristics thereof are stabilized. As a
result of performing the same test, a reduction of DC drift can
be observed in a case where thermal treatment is performed at
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400° C. or higher. Particularly, in a case of 600° C. or higher,
almost the same result can be obtained. In addition, in a case
of over 1000° C., a diffusion effect of Li has no difference,
and, on the contrary, harmful effects such as progress of
diffusion of Ti occur since an optical waveguide is formed
using thermal diffusion of Ti.

As a method of letting Li be contained in the buffer layer,
the buffer layer is subjected to the thermal treatment in the
atmosphere in which a material including rich Li such as LiCl
or Li,O is placed, and thus Li can also be accelerated to
penetrate into the buffer layer from the surface of the buffer
layer. Therefore, it is possible to efficiently manufacture an
optical waveguide element having stabilized characteristics
of DC drift.

In addition, after the optical waveguide is formed in the
substrate, the buffer layer made mainly from SiO, as a main
material is formed thereon by a vacuum film formation
method such as a sputtering method, a deposition method, or
a CVD method. Particularly, the buffer layer is preferably
formed by the sputtering method. When the buffer layer is
formed, a film formation material, for example, a target of the
sputtering method may be mixed with a material including [.i
such as Li,O so that a content of Li in the buffer layer
becomes 1x10?! (atoms/cm>) or more. Li can be contained in
advance when the buffer layer is formed, and thus manufac-
turing steps can be simplified and it is possible to efficiently
manufacture an optical waveguide element having stabilized
characteristics of DC drift.

INDUSTRIAL APPLICABILITY

As explained above, according to the present invention,
there is provided a manufacturing method of an optical
waveguide element whose DC drift is suppressed, and it is
possible to provide a manufacturing method of an optical
waveguide element, which makes possible to adjust DC drift
in the middle of manufacturing process so that it improves a
fabrication yield. In addition, according to the present inven-
tion, it is possible to provide an optical waveguide element
and a method of manufacturing the same, capable of stabiliz-
ing DC drift, not making difficulty in production processes,
and controlling characteristics of a product with high accu-
racy.

REFERENCE SIGNS LIST

1 Optical waveguide

2 Buffer layer

3 Si film

4 Ground electrode

5 Signal electrode

6 Substrate/buffer layer boundary surface

7 Substrate

S1 First interface diffusion layer heat adjustment step

S2 Second interface diffusion layer heat adjustment step

11 Substrate having electro-optic effect

12 Optical waveguide

13 Signal electrode

14 Ground electrode

15 Buffer layer

16 Li containing region

The invention claimed is:

1. An optical waveguide element comprising:

a substrate having an electro-optic effect;

an optical waveguide formed in the substrate;

a buffer layer formed on the optical waveguide and made
mainly from SiO,; and
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a modulation electrode formed on the buffer layer and
modulating light waves which propagate through the
optical waveguide,

wherein the buffer layer has a region which contains Li of
1x10** (atoms/cm?) or more at a substrate side of the 5
buffer layer, and

a thickness of the region which contains Li of 1x10*!
(atoms/cm®) or more in the buffer layer is a quarter or
more of a thickness of the buffer layer.

2. The optical waveguide element according to claim 1, 10

wherein the buffer layer is doped with at least one of In and Ti.
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